Various common signaling pathways maintain tissue stem cells, including Notch and Wnt/b-catenin signals. Phosphoinositide-3 kinase (PI3K)/Akt signaling regulates the 'stemness' of several stem cells in culture, specifically in maintaining embryonic stem and neural stem cells, and in deriving embryonic germ cells from primordial germ cells. We examined the effect of Akt signaling in epidermal cells in transgenic mice expressing an Akt-Mer fusion protein whose kinase activity was conditionally activated by treatment with 4-hydroxytamoxifen (4OHT). The topical application of 4OHT to adult skin of the transgenic mice induced new hair growth in resting phase follicles. In addition, the mice showed hyperplasia in interfollicular epidermis (IFE) and hair follicles, which was presumably caused by the extensive proliferation of keratinocytes in basal layer of IFE and outer root sheath of hair follicles, respectively. The progenitor cell population increased consistently in 4OHT-treated transgenic mice. Our results show that PI3K/Akt signaling induces epidermal hyperplasia and proliferation of epidermal progenitors.
Various common signaling pathways maintain tissue stem cells, including Notch and Wnt/b-catenin signals. Phosphoinositide-3 kinase (PI3K)/Akt signaling regulates the 'stemness' of several stem cells in culture, specifically in maintaining embryonic stem and neural stem cells, and in deriving embryonic germ cells from primordial germ cells. We examined the effect of Akt signaling in epidermal cells in transgenic mice expressing an Akt-Mer fusion protein whose kinase activity was conditionally activated by treatment with 4-hydroxytamoxifen (4OHT). The topical application of 4OHT to adult skin of the transgenic mice induced new hair growth in resting phase follicles. In addition, the mice showed hyperplasia in interfollicular epidermis (IFE) and hair follicles, which was presumably caused by the extensive proliferation of keratinocytes in basal layer of IFE and outer root sheath of hair follicles, respectively. The progenitor cell population increased consistently in 4OHT-treated transgenic mice. Our results show that PI3K/Akt signaling induces epidermal hyperplasia and proliferation of epidermal progenitors. Oncogene (2007) 26, 4882-4888; doi:10.1038/sj.onc.1210274; published online 12 February 2007 Keywords: Akt; epidermis; hair follicle; stem cells; proliferation Phosphoinositide-3 kinase (PI3K) signaling is implicated in the regulation of cell proliferation, growth, death and adhesion, as well as tumorigenesis (Cantley, 2002) . PI3K generates phosphatidylinositol (3,4,5)-triphosphate (PtdIns(3,4,5)P 3 ) from PtdIns(4,5)P 2 , and PtdIns (3, 4, 5) then transmits the signals through downstream effectors, including Akt, a serine/threonine kinase (Brazil et al., 2004) . The physiological and pathological effects of PI3K/Akt signaling are counteracted by the tumor-suppressor PTEN, which dephosphorylates PtdIns(3,4,5)P 3 into PtdIns(4,5)P 2 (Kishimoto et al., 2003) . PI3K/Akt signaling regulates self-renewal and differentiation capacity in the following stem cell systems. The derivation of pluripotent embryonic germ (EG) cells from primordial germ cells (PGC) is enhanced in PGCspecific Pten-deficient mice (Kimura et al., 2003) , and the self-renewal of neural stem cells increases in brainspecific Pten mutant mice (Groszer et al., 2001) . In addition, the introduction of an active mutant of Akt maintains the pluripotency of mouse and primate embryonic stem (ES) cells without leukemia inhibitory factor and feeder cells, respectively (Watanabe et al., 2006) . Although these results support the idea that PI3K/Akt signaling regulates 'stemness' in several stem cell systems, its roles in adult tissue stem cells remain largely unknown.
The epidermis of skin consists of a multilayered epithelium called the interfollicular epidermis (IFE) and associated appendages, such as hair follicles, sebaceous glands and sweat glands (Watt, 2001; Fuchs et al., 2004) . The maintenance of epidermal cells depends on at least two stem cell populations (Ghazizadeh and Taichman, 2001; Ito et al., 2005; Levy et al., 2005) . One stem cell population resides in the basal layer of IFE and produces mitotically active progenitors to maintain homeostasis of IFE. The other stem cell population, which resides in the bulge within the permanent part of the hair follicle outer root sheath, generates new hair. Hair follicles undergo cyclic phases of growth (anagen), regression (catagen) and rest (telogen), and the initiation of a new anagen cycle depends on the proliferation of quiescent bulge stem cells. The activated stem cells proliferate and generate highly proliferative progenitor cells, which give rise to all of the cells of the outer and inner root sheaths, as well as the hair shaft. The hair cycle ceases when the new anagen follicle is remodeled via apoptosis and reaches the resting telogen phase.
Generating Akt-Mer transgenic mice
To analyse the effects of Akt signaling activation on epidermal cells, we used a chimeric protein composed of a myristoylated constitutively active form of Akt and the ligand-binding domain of a mutant estrogen receptor (Mer) (Kohn et al., 1998) . The fusion protein can control the timing and duration of Akt signaling activation because Akt-Mer is inactivated in the absence of 4-hydroxytamoxifen (4OHT), but activated rapidly by the addition of 4OHT (Watanabe et al., 2006) . As Mer is insensitive to endogenous estrogen (Littlewood et al., 1995) , Akt-Mer constitutes a valuable system for the conditional regulation of this signaling cascade in vivo.
To generate transgenic mice expressing Akt-Mer, we used a cytomegalovirus enhancer linked to the b-actin promoter because this element is active in skin epithelial tissues, including follicular stem cells (Okabe et al., 1997; Sarin et al., 2005) . As the Akt-Mer cDNA is fused to IRES-EGFP (internal ribosomal entry site followed by enhanced green fluorescent protein), cells expressing Akt-Mer can be monitored using the EGFP fluorescence. We detected strong EGFP fluorescence in the IFE and hair follicles of Akt-Mer transgenic mice ( Figure 1a ). Flow cytometric analysis revealed that EGFP was expressed both in the CD34-positive stem/ progenitor cell fraction and in the CD34-negative keratinocyte fraction ( Figure 1b) . As shown in Figure 1c , the level of Akt-Mer expression in keratinocytes was comparable with or lower than that of endogenous Akt. However, 4OHT treatment induced strong Akt activation, as seen by Akt-Mer phosphorylation. Immunohistochemistry using phosphorylated Akt-specific antibody also resulted in stronger signals in the IFE and hair follicles of Akt-Mer transgenic mice treated with 4OHT ( Figure 1d ).
Induction of epidermal hyperplasia by Akt signaling activation in skin
To determine the biological relevance of Akt activation in adult skin, we applied 4OHT topically to a shaved To create actin promoter-driven Akt-Mer transgenic mice, a fragment of Akt-Mer cDNA was subcloned into the EcoRI site of vector pCAGGS-IRES-EGFP (Watanabe et al., 2006) . The prokaryotic sequences were excised from the plasmid and the gel-isolated DNA fragment was injected into the pronuclei of BDF1 fertilized zygotes. EGFP was strongly expressed in the IFE and hair follicles of transgenic mice. Nuclei were stained with 4 0 -6-diamino-2-phenyl indole (DAPI). Bars, 100 mm. (b) EGFP expression in the keratinocytes of the transgenic mice. The keratinocytes isolated by standard procedures (Morris et al., 1987) were stained with PEconjugated anti-CD34 antibody (eBioscience, San Diego, CA, USA) and analysed using FACSAria (BD PharMingen, San Diego, CA, USA). (c) Western blot analysis of keratinocytes. The keratinocytes were isolated from the dorsal skin of wild-type and transgenic mice treated with 4OHT or ethanol alone for 2 weeks. The cell extracts were analysed using antibodies against Akt (Cell Signaling, Beverly, MA, USA), Ser473-phosphorylated-Akt (Cell Signaling) and bactin (Sigma, St Louis, MO, USA). (d) Immunostaining with antiphosphorylated-Akt antibody. The skin from wild-type and transgenic mice treated with 4OHT (Sigma) was fixed with 4% paraformaldehyde (PFA) and embedded in oxacalcitriol compound (Sakura, Tokyo, Japan). The frozen sections were cut at 5-mm thickness and stained with antibody against phosphorylated-Akt. The nuclei were counterstained with DAPI. Bars, 40 mm.
area of the back skin of Akt-Mer transgenic mice and wild-type littermate controls every day. Since mice undergo two sequential waves of hair growth before entering a prolonged telogen phase at 6 weeks of age (Muller-Rover et al., 2001; Stenn and Paus, 2001 ), we began the 4OHT treatment at 6 weeks of age to ensure that the follicles would be in telogen for at least 3 weeks after initiating the 4OHT treatment. No hair regrowth was observed in the skin of transgenic mice treated with ethanol alone or wild-type mice treated with 4OHT (data not shown), as previously reported (Van Mater et al., 2003; Lo Celso et al., 2004) . In contrast, drastic changes were detected in the transgenic mice treated with 4OHT ( Figure 2 ). The skin was wrinkled due to keratinocyte hyperplasia as early as 14 days after the 4OHT treatment. New hair growth was observed until day 26 after the initiation of 4OHT treatment and the coat was ruffled and shaggy (data not shown; the pictures of the mice are available upon request). Histological analysis at day 7 of the 4OHT treatment showed that the hair follicles and IFE were hyperplastic. By day 14, pronounced elongation and thickening of the hair follicles had occurred. Most follicles had grown into deeper levels of the dermis by day 26. The overall size of the follicles was larger than normal anagen follicles. These results demonstrate that the activation of Akt signaling in skin induces hyperplasia of hair follicles and IFE.
Proliferation of keratinocyte progenitors by Akt signaling
Next, we examined the proliferation index of the keratinocytes by immunostaining with antibody against Ki67. Activated bulge stem cells differentiate into progenitors, which actively proliferate and migrate downward through the outer root sheath. Consistent with new hair growth, Ki67-positive cells were detected throughout the outer root sheath in the 4OHT-treated transgenic mice (bottom panel of Figure 3a ). In contrast, Ki67-positive cells were not detected in the outer root sheath of wild-type mice. Furthermore, the number of Ki67-positive cells in the basal layer of the IFE increased significantly in the 4OHT-treated transgenic mice (middle panel of Figure 3a and b). Consistent with the immunohistological observation, in vitro culture of keratinocytes showed that the addition of 4OHT significantly increased the proliferation of keratinocytes expressing Akt-Mer in a dose-dependent manner (Figure 3c ). Taken together, these results suggest that Akt signaling activation induces proliferation of the progenitor cells in outer root sheath of hair follicles and basal layer of IFE.
The activation of Wnt/b-catenin signaling brings about similar phenotypes in adult epidermis (Gat et al., 1998; Van Mater et al., 2003; Lo Celso et al., 2004) . The mice expressing stabilized b-catenin or b-cateninMer fusion protein show epidermal hyperplasia, hair follicle tumor-like outgrowth and precocious transition from telogen to anagen phase via activation of stem cells. Moreover, Akt is reported to stabilize b-catenin by inhibiting glycogen synthase kinase 3b (Brazil et al., 2004) . However, the nuclear accumulation of b-catenin was not detected in outer root sheaths of the Akt-Mer transgenic mice treated with 4OHT ( Supplementary  Figure 1) , which indicates that the induction of new hair growth by Akt signaling was independent of the b-catenin pathway.
Stem cell and progenitor populations in Akt-Mer transgenic mice
To characterize the stem cell and progenitor cell populations in 4OHT-treated transgenic mice, we performed flow cytometric analysis of keratinocytes disaggregated from the back skin. The cell population with high levels of stem cell marker CD34 with a6-integrin (CD34 þ a6 high ) produces more holoclones in culture than that with CD34-positive a6-integrin-low (CD34 þ a6 low ) (Blanpain et al., 2004) . In addition, the Figure 2 Transition of telogen follicles to anagen by Akt activation. Hematoxylin and eosin staining of sections from the wild-type and transgenic mice treated with 4OHT for 7, 14 and 26 days. The hair in the dorsal skin was clipped at the age of 6 weeks, which corresponds to the resting phase of the hair cycle (MullerRover et al., 2001; Stenn and Paus, 2001) . After 2 days, the shaved area was treated with 0.4 ml of 4OHT dissolved in ethanol (2.5 mg/ ml) once daily. The growth of ruffled, shaggy hair was stimulated in the 4OHT-treated transgenic mice, whereas hair growth was not detected in the 4OHT-treated wild-type or ethanol-treated transgenic mice (data not shown). Arrows and arrowheads indicate hyperplasia of the IFE and outgrowth of hair follicles into the dermis, respectively. Bars, 40 mm.
Conditional Akt activation in skin
high population retains the ability to produce more holoclones than the CD34 þ a6 low population after several passages. Therefore, it is thought that the CD34 þ a6 high and CD34 þ a6 low populations contain more immature stem cells and committed progenitors, respectively (Blanpain et al., 2004; Silva-Vargas et al., 2005) .
The keratinocytes were stained with antibodies against CD34 and a6-integrin, and analysed after gating out the differentiated cells based on high forward and side scatter by flowcytometry (Figure 4a) (Jones et al., 1995) . Analysis of the forward and side scatters of the CD34 þ cells showed that a majority of CD34 þ cells in the 4OHT-treated transgenic mice belonged to the fraction similar to the CD34 þ cells of wild-type mice (Supplementary Figure 2) . The CD34 þ a6 high and CD34 þ a6 low cells constituted approximately 5-6% and 2-3%, respectively, in the 4OHT-treated wild-type and ethanol-treated transgenic mice (Figure 4a and b) . The proportion of cells with CD34 þ a6 high was similar, but the CD34 þ a6 low population increased significantly to about 10% in the 4OHT-treated transgenic mice. The CD34 þ a6 high and CD34 þ a6 low cells in the major population were then applied to clonal analysis in culture (Figure 4c ). Culture was carried out without 4OHT, and holoclones that contained undifferentiated cells in terms of size were generated after 14 days of culture (Figure 4d ). In the CD34 þ a6 low population of transgenic mice, the percentage of holoclones increased significantly (Figure 4e and f) , indicating that Akt signaling increases the number of progenitor cells.
In these colony assays, a minor population of the cells were gated out owing to high forward and side scatters to exclude the contaminated cells ( Supplementary  Figure 2) . The percentage of the cells in the minor population was slightly increased in the transgenic mice. We, however, consider that the major population in the gate well represented the characteristics of the immature keratinocytes of the 4OHT-treated transgenic mice because the increase of a6 low cells in CD34 þ keratinocytes was observed not only in the major population but also in the minor population.
Role of Akt signaling in epidermal stem cells and progenitors
In this study, we demonstrated that the activation of Akt signaling in adult skin induced resting (telogen) hair follicles to enter the growth phase (anagen) of the hair cycle. This transition presumably results from the activation of quiescent follicle stem cells, which can give rise to proliferative progenitor cells. In addition to the effect on hair follicular stem cells, Akt promotes proliferation of the progenitor cells in basal layer of IFE and outer root sheath of hair follicles, leading epidermal and follicular hyperplasia, respectively. As the colony formation efficiency increased in the CD34 In vitro proliferation assay. Keratinocytes prepared from the skin of newborn mice were seeded onto collagen-I coated plates (BD PharMingen) and cultured for 7 days with calcium-free MCDB153 type2 medium (Kyokuto Pharmaceutical, Tokyo, Japan), supplemented with 400 ng/ml hydrocortisone (Sigma), 5 mg/ml insulin (Sigma) and 25 mg/ml bovine pituitary extract (Biomedical Technologies, Stoughton, MA, USA). The increase in cell numbers was significantly greater in the 4OHT-treated transgenic keratinocytes (means7s.e.m.; *Po0.01, Student's t-test, n ¼ 10).
Conditional Akt activation in skin K Murayama et al keratinocytes. The role of PI3K/Akt signaling in postnatal epidermal development has been proposed from the analyses of several mutant mice. Deletion of Akt1 causes thinner epidermal layers and the retarded hair follicle development . A more severe reduction in epidermal layers and hair follicles at birth was reported in Akt1
mutant mice (Peng et al., 2003; Yang et al., 2005) , suggesting redundant functions among Akt family members in the skin. More intriguingly, the keratinocyte-specific deletion of Pten resulted in epidermal hyperplasia and accelerated hair morphogenesis during the postnatal period Backman et al., 2004) . Using conditional activation of Akt þ a6 low cells and CD34 þ a6 high cells were sorted and grown on mitomycin C-treated 3T3 feeder layers with DMEM/F12 (3:1) mixed-medium supplemented with 10% fetal bovine serum, 1 g/l insulin, 2.8 g/l transferrin, 0.4 g/l hydrocortisone, 1 mM cholera toxin, 2 mM triiodothyronine, 200 mM glutamine and 10 ng/ml EGF. After 14 days, the cultures were fixed with 4% PFA and stained with 2% Rhodamine B (Sigma). Photographs c and d show representative dishes and the holoclones generated from CD34 þ a6 low (upper) and CD34 þ a6 high cells (bottom) of the transgenic mice, respectively. The holoclones contained small, undifferentiated cells (d). The colonies were counted under a dissecting microscope and a colony >20 mm 2 was defined as a holoclone, as described previously (Blanpain et al., 2004) . The colony-forming efficiency (e) was calculated by dividing the number of colonies by the number of seeded cells. The holoclone-forming efficiency (f) represents the percentage of holoclones to all colonies. The holoclone-forming efficiency was significantly higher in the CD34 þ a6 low cells from the 4OHT-treated transgenic mice (means7s.e.m.; Po0.005, Student's t-test, n ¼ 5-7). Bars, 40 mm.
Conditional Akt activation in skin K Murayama et al signaling, our results provide novel evidence that PI3K/ Akt signaling is also important in activation of resting stem cells and proliferation of progenitors in adult epidermis. Stem cells possess the capacity for self-renewal and to produce committed progenitors. Previously, we showed the roles of PI3K/Akt signaling in pluripotent stem cells; the derivation of EG cells from PGC is enhanced in the absence of Pten and activated Akt supports the undifferentiated state of ES cells (Kimura et al., 2003; Watanabe et al., 2006) . In addition, the self-renewal of neural stem cells in neurosphere culture is enhanced in Pten-deficient mice (Groszer et al., 2001) . These results indicate that PI3K/Akt signaling promotes the selfrenewal of stem cells, rather than the generation of committed progenitors in these culture-adapted stem cells. In this study, we showed that PI3K/Akt signaling activates stem cells and induces proliferation of the generated progenitors in adult epidermis. Recently, it was reported that the deletion of Pten in hematopoietic stem cells (HSC) induces the proliferation of HSC and progenitors, which then exhausts HSC (Yilmaz et al., 2006; Zhang et al., 2006) . Therefore, despite its role in promoting self-renewal in culture-adapted stem cells, PI3K/Akt signaling induces generation and proliferation of committed progenitors in tissue stem cell systems, such as in hematopoiesis and the epidermis.
